 Abstract-In this paper, we present an efficient downlink resource allocation algorithm with rate requirement consideration in multicarrier-based cognitive radio (CR) networks. The algorithm is divided into two steps aiming to maximize the downlink capacity of the network under the total power, the interference introduced to the primary users (PUs) and the transmission rate of the secondary users (SUs) constraints. The transmission rate requirement is considered by ensuring the allocated number of subcarriers satisfies the required number of subcarriers for every SU within the subcarrier assignment step and turning the minimum transmission rate threshold constraints into the minimum power constraint on each subcarrier within the power allocation step. Simulation results demonstrate that the proposed algorithm provides a good guarantee of transmission rate requirement and prove that filter bank multicarrier (FBMC) has higher efficiency than orthogonal frequency division multiplexing (OFDM) in CR networks.
from considerable amount of interference to the PUs [4] . Moreover, inserting the cyclic prefix (CP) in each OFDM symbol decreases the system total capacity. As a candidate for the physical layer in the future 5G communications systems, filter bank multicarrier (FBMC) can overcome the spectral leakage problem without any CP extension by decreasing the side lobes of each subcarrier, which leads to small interference to the PUs and high efficiency [5] .
In multicarrier-based CR systems, the resource allocation problem is an attractive research issue and many algorithms have been proposed with different degree of success. In [6] , the author focused on maximizing the downlink capacity of the CR system while keeping the interference induced to the PU bands below the prespecified thresholds, but the total power constraint was not considered and the optimal solution obtained by the Lagrange method had a high computational complexity. In order to reduce the complexity, some suboptimal algorithms were proposed to maximize the total system capacity under both total power and interference introduced to the PUs constraints [7] [8] [9] , but the complexity still remained high. In [7] , two kinds of subcarriers were considered, the underlay subcarriers and the overlay subcarriers. The equal amount of power was allocated on each underlay subcarrier and the overlay subcarriers were allocated power according to a ladder profile. The proposed algorithm in [8] started with an initial power allocation step, where an initial power level was allocated to the subcarriers according to four different criteria and then the subcarrier allocation problem was formulated as a multiple-choice knapsack problem. In [9] , based on the structure of solutions that were obtained through the Lagrangian duality, a distributed algorithm was proposed, which only required some limited cooperation among primary and secondary networks while offering optimum performance. In [10] , an algorithm called PI algorithm was presented, where the subcarriers were assigned based on the best channel gain criterion, the interference constraints were converted into the maximum power constraint on each subcarrier and the optimization problem was solved using the concept of the conventional water-filling with lower complexity. However, the minimum transmission rate constraint for each SU was not taken into consideration in the algorithms proposed in [6] [7] [8] [9] [10] .
In this paper, an efficient resource allocation algorithm with rate requirement consideration in downlink multicarrier-based CR systems is presented to maximize the downlink capacity of the CR system while keeping the total power and the interference induced to the PU bands below the prespecified thresholds with the consideration of the transmission rate of the SUs constraints as well. The algorithm is divided into two phases and the minimum transmission rate limit is considered in both phases. The subcarriers to SUs assignment is performed first according to the required number of subcarriers for every SU using the proposed RS algorithm. Then the power is allocated to the different subcarriers using the proposed PIR algorithm, where the minimum transmission rate constraints are transformed into the minimum power constraint on each subcarrier and the optimization problem is solved efficiently with the modified "cap-limited" water-filling to reduce the computational complexity. The efficiency of the proposed algorithm will be investigated in both OFDM and FBMCbased CR systems. The rest of this paper is organized as follow. Section II presents the system model and formulates the problem. The subcarrier and power allocation algorithms are developed in Section III. Simulation results are provided to evaluate the performance of the proposed algorithm in Section IV. Finally, Section V concludes the paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model
Consider the downlink of a multiuser multicarrierbased CR network. The CR system's frequency spectrum is equally divided into K subcarriers each being assigned a f  bandwidth, where L PUs are in the licensed bands and the others are the unlicensed bands. All subcarriers are shared by M SUs, which means the SUs can use both the unlicensed bands and the licensed PU bands.
Assume that each subcarrier goes under frequency flat fading gains and the instantaneous fading gains are perfectly known at the CR system. The transmission rate of the kth subcarrier k R , the transmit power emitted by the kth subcarrier k P , and the channel gain k h are related via the Shannon capacity formula and is given by  is the sum of the additive white Gaussian noise (AWGN) variance and the interference introduced by PUs on the kth subcarrier, which is assumed to be equal on each subcarrier. In turn, given a transmission rate k R , the required transmit power k P can be expressed as follows: If an OFDM-based CR system is assumed, the prototype filter () hn can be chosen as the rectangular window with the length T K C  in number of samples, where K is the number of subcarriers and C is the length of the CP in number of samples. Hence we get
If an FBMC-based CR system is assumed, the prototype filter can be chosen as ( 
C. Problem Formulation
The optimization objective is to maximize the total capacity of the CR system under the total transmit power, the interference introduced to the PUs and the transmission rate of SUs constraints. The constrained optimization problem can be formulated as follows:
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where , km a denotes the subcarrier allocation indicator, i.e. 
III. DOWNLINK SUBCARRIER AND POWER ALLOCATION
The optimal solution for the combinatorial optimization problem OP1 has a high computational complexity which grows exponentially with the input size. The problem is solved in two steps to reduce the computational complexity, where in the first step, the subcarriers are assigned to the SUs and then the power is allocated to these subcarriers in the second step. Once the subcarriers assignment is complete, the multiuser multicarrier system can be viewed virtually as a single user multicarrier system which makes the optimization problem computationally simpler.
A. Subcarrier Assignment
As proved in [12] , the CR system can obtain the maximum transmission rate in downlink if the subcarriers are assigned to the SU with the best channel gain on that subcarrier, however, it will lead to the situation that some SUs cannot reach to the required transmission rate. In this section, we present a subcarrier assignment algorithm, in which the subcarriers are assigned by jointly considering the channel gain and the subcarrier requirement of each SU. is the AWGN variance. In the Requirementbased Subcarrier (RS) assignment algorithm, referred to as RS algorithm, the subcarriers are assigned successively based on the best channel gain criterion in [12] and if the number of subcarriers allocated to the mth SU m K  satisfies the subcarrier requirement of that SU m K , the subcarriers assignment for it will stop. When the subcarrier requirement is met for every SU, the remaining subcarriers are allocated according to the previous criterion. The implementation of the RS algorithm is described in Table I .
B. Power Allocation
By subcarrier assignment, the values of the subcarrier allocation indicator , km a are determined and hence for notation simplicity, single user notation can be used. The channel gain on the kth subcarrier k h is determined as follows:
It can be assumed that each subcarrier belongs to the closest PU band and only introduces interference to it according to the fact mentioned in [4] that most of the interference of the PU bands is caused by cognitive transmission on the subcarriers which are in the PU bands as well as directly adjacent to the PU bands. And hence the optimization problem OP1 in (7) can be reformulated as follows:
where l K denotes the set of the subcarriers belong to the lth PU band and m K denotes the set of the subcarriers assigned to the m th SU. () OK [13] .
Proof: See Appendix. The optimal solution is computationally complex so that it is unsuitable for practical wireless communication systems, and hence a low complexity algorithm will be proposed. If the total power and the transmission rate constraints are ignored, applying the Lagrange multiplier method, the optimal solution can be written as 
Consider the optimization problem whose optimization goal is to minimize the total transmit power of the CR system subject to the transmission rate of the SUs constraints. According to (2) , it can be formulated as
Applying the Lagrange multiplier method, the optimal solution can be written as In order to solve the optimization problem OP2, the Power Interference Rate (PIR) constrained algorithm, referred to as PIR algorithm, is proposed. We can start by assuming that the maximum power which can be allocated to a given subcarrier Max k P is determined according to the interference constraints only by using (21) and (22) for every subcarrier
By such an assumption, we can guarantee that the interference introduced to the PU bands will not exceed the prespecified thresholds. Moreover, assume that the initial minimum power which can be allocated to a given subcarrier Min k P is determined according to the transmission rate constraints only by using (2), (26) 
The problem can be solved efficiently using the modified "cap-limited" water-filling. To begin with, the total power budget P T is reduced by subtracting the summation of the minimum power 
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Step 5 of the algorithm executes the modified "cap-limited" water-filling which has a complexity of ( log
is the number of the iterations. Thus, the overall complexity of the algorithm is lower than ( log and g are outcomes of independent, identically distributed Rayleigh distributed random variables with mean of 1. The OFDM and FBMC-based CR systems are evaluated. The OFDM system is assumed to have a 6.67% of its symbol time as the CP. For FBMC system, the prototype filter coefficients are assumed to be equal to PHYDYAS coefficients with overlapping factor 4 N  [15] . The efficiency of the proposed algorithm, which consists of RS algorithm and PIR algorithm, is compared with the PI algorithm proposed in [10] without the step that make the allocated power satisfy approximately the interference constraints. The PI algorithm maximizes the downlink capacity of the CR system under only two constraints, the total power and interference induced to the PUs constraints. In the subcarrier assignment step, it always assigns the subcarriers based on the best channel gain criterion in order to obtain the highest transmission rate. In the power allocation step, it turns the interference constraints into the maximum power constraint on each subcarrier and uses the concept of the conventional water-filling to solve the optimization problem.
B. Simulation Results
The capacity of the CR system using proposed and PI algorithms for different interference thresholds with 0. can be observed that the capacity increases as the interference threshold increases. The proposed algorithm is slightly inferior to the PI algorithm. This is because in the subcarrier assignment step, the subcarriers are allocated based on the requirement using the proposed algorithm, in which the subcarriers are not always assigned to the SU with the best channel gain, unlike the PI algorithm, which only takes the best channel gain into account to obtain the maximum capacity. The appearance of steep drop is due to the guarantee that each SU can reach to the required transmission rate in the power allocation step using the proposed algorithm which is not the case in the PI algorithm. The proposed algorithm transforms the minimum transmission rate constraints into the minimum power constraint on each subcarrier and then solves the optimization problem with the modified "cap-limited" water-filling, so that it may allocate the power to the subcarriers with poor channel gain, which leads to the drop in capacity.
In Fig. 1 , the capacity achieved using the proposed algorithm is not as ideal as that achieved using the PI algorithm. The reason is that in the proposed algorithm, the subcarriers may be assigned to the SUs with poor channel gain owing to the subcarrier requirement of each SU within the subcarrier assignment step and the power is probably allocated to the subcarriers with poor channel gain on account of the minimum power constraint on each subcarrier within the power allocation step. Fig. 1 also shows that the capacity of FBMC-based CR system is higher than that of OFDM-based CR system because the side lobes of the subcarrier's PSD in FBMC system are smaller than that in OFDM one which introduces less interference to the PU bands. Another reason is the inserted CP in OFDM-based CR system which can reduce the system capacity. The significant advantage in the capacity of FBMC-based CR system over the OFDMbased one recommends the FBMC as a candidate for the physical layer in the future CR systems.
By sacrificing a little system capacity, the proposed algorithm has a good guarantee of transmission rate requirement as shown in Fig. 2 , which plots the transmission rate of a specific SU versus the required transmission rate of the SU with 0.5 T P  W and 10 th I  mW for different algorithms. It can be noted that the practical transmission rate of the SU varies with the transmission rate requirement and always strictly satisfies it in the proposed algorithm while it remains constant regardless of the transmission rate requirement in the PI algorithm. This is because in the proposed algorithm, with the change of the required transmission rate, both the assignment of the subcarriers to SUs in the first step and the allocation of the power to subcarriers in the second step will vary, which leads to a different transmission rate. th R  bit/s/Hz using different algorithms. We can observe that all three SUs can satisfy its transmission rate requirement in the proposed algorithm. Nevertheless, in the PI algorithm, only SU 2 can achieve the required transmission rate since there are not any efficient transmission rate requirement assurance schemes in it. More subcarriers and power are allocated to SU 2 in virtue of its better channel gains, which results in that the transmission rate of SU 2 is much higher than the required transmission rate and the other two SUs cannot reach to it. th R  bit/s/Hz. In both algorithms, the instantaneous channel gains are exactly the same. It can be noted that the proposed algorithm keeps the instantaneous transmission rate above 120 th R  bit/s/Hz all the time within this observation period while the PI algorithm cannot. This demonstrates that the proposed algorithm can achieve a better guarantee of transmission rate requirement than the PI algorithm. 
V. CONCLUSION
In this paper, an efficient resource allocation algorithm with rate requirement consideration for downlink in multicarrier-based CR networks is proposed. The proposed algorithm maximizes the total downlink capacity of the multicarrier-based CR networks while respecting the available power budget and guaranteeing that no excessive interference is introduced to the PU bands and each SU can achieve the required transmission rate. The minimum transmission rate limit is considered in both subcarrier assignment and power allocation steps. In the subcarrier assignment step, the subcarriers are allocated to the SUs based on the required number of subcarriers for every SU using the proposed RS algorithm. In the power allocation step, the proposed PIR algorithm is performed, where the minimum transmission rate constraints are converted into the minimum power constraint on each subcarrier and the modified "cap-limited" water-filling is executed to solve the optimization problem efficiently. Simulation results prove that the proposed algorithm has a significant advantage in the strict guarantee of transmission rate requirement over the PI algorithm with a little expense of the system capacity. They also demonstrate that the capacity of FBMC-based CR system is more than OFDM-based one and recommend FBMC as a candidate for transmission in CR networks. In our future work, we plan to extend the applications of 5G in CR networks.
APPENDIX PROOF OF THEOREM 1
The problem OP2 can be considered as a convex optimization problem, which can be solved using the Lagrange multiplier method [13] and the Lagrange function can be written as 
